The processes leading to surficial enrichment of transition elements have been studied in continental slope and deep-sea sediments from the western Bay of Bengal (~500-4500 m water depth). The lower continental slope and rise (1800-3000 m) sediments are characterized by enrichment of Mn/Al ratios by 2-3 orders of magnitude and transition elements (Fe, Ni, Co, Cr and V) by a factor of 2-3 compared to the upper continental slope (500-1100 m) sediments. The occurrence of micronodules rich in Fe and Mn and elements associated with Mn-oxides, confirmed by scanning electron microscope and electron probe micro analysis, are responsible for the accumulation of transition elements in the lower continental slope sediments. The freshwater stratification, low carbonate productivity, fine grain size, low porosity, thin oxidized surficial layer and high sedimentation are conducive for diagenetic enrichment of Fe, Mn and elements associated with Mn-oxides in the lower slope sediments. The middepth oxygen minimum zone, resuspension and absence of oxidized surface layer enhance metal release to water column in the upper slope sediments. The oceanographic settings and high sedimentation rates control metal cycling in the Bay of Bengal sediments.
IN marine sediments, the transition elements like Fe, Mn, Cu, Ni, Co and Zn are concentrated during oxic and suboxic diagenetic processes 1, 2 . Oxic diagenesis occurs at or near the sediment surface in slowly accumulating pelagic deep-sea sediments. This process involves release of Mn and other metals during decomposition of organic matter and dissolution of labile biogenic component to pore waters which are ultimately incorporated into sediments during early diagenesis 3, 4 . The pore waters are characterized by the presence of dissolved oxygen and extremely low Mn concentration and diffusive flux to the overlying water column 2 . The occurrence of Mn nodules in slowly accumulating pelagic sediments is an example under this category [5] [6] [7] [8] . On the other hand, regions experiencing high biological productivity and sedimentation suboxic diagenesis dominate. Thin oxidized surface layer overlie reducing sedimentary column in these regions 9 . The pore waters are low in dissolved oxygen, high dissolved Mn concentration and diffusive flux towards the interface where dissolved Mn(II) is reoxidized to Mn(IV). The diagenetic enrichment of transition elements depends on the rate of organic carbon accumulation and degradation [10] [11] [12] . In the Bay of Bengal (BoB), accumulation of hydrolysable organic compounds is high due to enhanced sedimentation, organic mineral interaction and fine grain size [13] [14] [15] [16] [17] , despite low productivity. The foraminifera carbonate productivity is low due to low salinity and freshwater stratification which inhibits mixing of nutrient-rich deep water with surface waters [18] [19] [20] . The mid-waters between 150 and 500 m are characterized by the presence of oxygen minimum zone (OMZ) (Figure  1 a) 21 . The main aim of the present study is to understand the spatial variations, enrichment and cycling of transition elements to decipher elemental mobilization and immobilization mechanisms in high-sedimentation BoB sediments.
Near-surface sediments from a wide depth range (480-4300 m) collected by gravity, spade and pilot piston cores during ORV Sagar Kanya cruises 157 and 187 from western BoB (Figure 1 b and Table 1 ) were chosen for this study. After sub-sampling the sediments were kept under cold conditions onboard and maintained at around 4C temperature onshore in a cold room until further studies. Representative portions of the sediment samples were dried in a hot-air oven at 60C, powdered to fine size and homogenized using an agate ball mill. The powdered samples were digested with HF, HClO 4 and HNO 3 , the residue dissolved in 10 ml 6 N HCl and finally made to volume with distilled water. The digested solutions were analysed for major and minor elements using Perkin Elmer OPTIMA 2000 DV ICP-OES (inductively coupled plasma optical emission spectrometry). The analytical accuracy with respect to international reference material SCO-1 for major and minor elements is 3% and 9% (except Co) respectively. Calcium carbonate was determined by gasometric method with 'Karbonat Bombe' after acidification of the samples with 1 N HCl (ref. 22) . The analytical accuracy with respect to international reference materials, viz. SGR-1 and SBC-1 is 1%. Total organic carbon (TOC) was analysed using an elemental analyser (Carlo Erba CNS) after removing the inorganic carbon with HCl. The analytical accuracy with respect to international reference material MAG-1 is 10%. Table 1 presents the sampling position details and analytical results.
Mn/Al ratios are high in the lower continental slope sediments by 2-3 orders of magnitude compared to the upper continental slope and deep-sea sediments (3176 versus 50  10 -4 ) (Figures 2 and 3 ). The coarse fraction (>63 m) of only the lower slope sediments showed occurrence of micronodules when observed under binocular microscope. The micronodules are of various shapes and sizes when observed under scanning electron microscope (SEM) (Figure 4 a-c) . The micronodules are rich in Fe and Mn and other transition elements associated with Mn-oxides when analysed using energy dispersive spectrum (EDS) and electron probe micro analyser (EPMA) ( Tables 2 and 3 ). The occurrence of Fe-Mn micronodules is the main reason for Mn enrichment and high Mn/Al ratios in the lower slope sediments. Fe-Mn micronodules were reported earlier at greater depths in the middle Bengal Fan due to high sedimentation [23] [24] [25] . Mn is supplied mainly through hydrogenetic sources, aeolian, hydrothermal, glacial and early diagenesis 7, [26] [27] [28] . In the present study, the supply of Mn from hydrogenetic source is ruled out as this source dominates in open ocean sediments least influenced by terrigenous material. There are no reports of either glacial or hydrothermal activity in the study area, ruling out Mn contribution from these sources. Dust activity does not contribute significant Mn to the BoB sediments. Repeated cycling of Mn mobilization and immobilization under thin oxic layer due to high sedimentation during early diagenesis can explain high Mn/Al ratios in the present study.
The oxidants, viz. dissolved oxygen, nitrate, Mn oxides, Fe 2 O 3 and sulphate are utilized in sequence for organic matter oxidation in the continental margin sediments 29, 30 . The dissolved oxygen is used rapidly within the top few millimeters in the sediment column due to quick burial of labile organic carbon. Sub-oxic conditions develop in the sedimentary column overlie by a thin oxidized surficial layer due to oxic water column 31 . In the absence of dissolved oxygen, the oxygen in MnO 2 is used as an alternate oxidant for organic matter degradation in the suboxic sediment column. A portion of the non-lithogenic fraction of Mn in the sediments is mobilized as dissolved Mn 2+ and built-up to high concentrations in pore waters compared to the overlying water column. Mn is also removed from solid phase Mn-micronodules from the sedimentary column to pore waters 23 . The dissolved Mn released from the sedimentary column as well as micronodules built up in pore water, develops a concentration gradient, diffuses towards the interface and precipitate as MnO 2 under oxic bottom-water conditions. With further sedimentation and arrival of fresh organic matter, freshly precipitated Mn (oxy)hydroxides are buried again. With the development of sub-oxic conditions in the sediment column, MnO 2 is again used as an oxidant for organic matter oxidation. Thus, a continuous cycle of Mn-oxides burial, release, diffusion and immobilization enriches Mn concentration and micronodule formation. The Mn diagenetic cycling is driven by the nature of labile organic carbon and decomposition rates. The high sedimentation enhances faster burial of labile organic carbon. Fine grain size and low porosity favour the development of reducing conditions in the sediment column close to the interface. The release of Mn from the sedimentary column, micronodules and precipitation as Mn(oxy)hydroxides due to oxygenated water column and thin oxic layer enrich Mn in the lower slope sediments in the present study. In the upper slope sediments, the development of reducing conditions either in the water column or close to the interface due to the presence of mid-depth OMZ may prevent the formation of oxidized layer for Mn(oxy)hydroxide precipitation. The dissolution of oxyhydroxides in sediments due to low dissolved oxygen concentration in the water column has been reported earlier 32 . The dissolved Mn 2+ accumulated in the pore water may diffuse to the overlying water column due to the absence of oxic conditions at the interface for precipitation. Alternatively, slumping/sliding of the upper slope sediments may resuspend the sediments, which limits metal accumulation. Mn spatial variations due to textural differences are ruled out as fine-sized silty clay sediments carpet the slope regions of the study area 33, 34 . The micronodules separated from the coarse fraction (>63 m) were examined under SEM (JOEL 5800 LV) for morphological features. Micronodules of different shapes and sizes (Figure 4 a-c) with dissolution pits (Figure 4 d) were observed (SK 187/GC 30). EDS analysis (Oxford) of these micronodules showed very high Mn (50-62%), Cu and Zn concentrations (1.00-2.50%) ( Table 3 ) confirming diagenetic remobilization of Mn 2+ , followed by its oxidation as MnO 2 and uptake of dissolved trace elements. Higher concentrations of Mn 2+ and Mn-oxide associated elements in micronodules have been reported earlier from the BoB sediments in the study area 25 . The dissolution pits observed on the micronodules indicate precipitation of MnO 2 in the biological test, which retain the spheroidal shape after dissolution of the test (Figure 4 d) . A radiolarian test (SK 187/GC 28) when analysed using EPMA (Cameca SX-5) confirmed gradual precipitation of Mn in the biological test ( Figure 5 and Table 3 ). The enrichment of Mn (13-30%) and concomitant decrease in Si and Al concentrations towards the periphery of a radiolarian test indicate gradual dissolution of siliceous test. The micro probe analysis when focused on the periphery showed Mn enrichment up to 24-30% (spot nos 2.1-2.5) ( Figure 5 and Table 3 ). High Mn/Fe ratios obtained by EDS as well as EPMA reveal Mn enrichment during early diagenesis.
Along with Mn, the transition metal/Al ratios of Fe, Co, Cr and V (except Ni/Al) are also high by a factor of 2-3 in the lower continental slope compared to the upper slope and deep sea sediments (Figure 3) . During sub-oxic diagenesis along Mn other transition elements (Cu, Ni, Co and Zn) are also released to the pore waters. These transition elements diffuse through pore waters towards the interface and sorbed on to Fe-Mn(oxy)hydroxides 35, 36 . Thus along with Mn elements associated with FeMn(oxy)hydroxides are also enriched in the lower slope surface sediments (Figure 3 ).
An evidence for the development of reducing conditions close to the interface is provided by the accumulation of biogenic elements (Cr and V; Figure 3 ). Faster burial of organic matter which limits oxygen exposure time for degradation and development of reducing conditions close to the interface seem to enhance preservation of biogenic elements. Several major rivers, viz. the Ganges, Brahmaputra, Godavari, Krishna, Cauvery and Mahanadi debouch huge quantities of fine-sized fluvial and clastic sediments to BoB. The organic matter is removed from the water column rapidly by settling lithogenic material (ballast effect) which enhances the preservation of hydrolysable organic compounds in surface sediments from BoB [13] [14] [15] [16] [17] . Factors other than sedimentation also contribute to the development of reducing conditions close to the interface. The fine-sized sediments, low porosity, gentle gradient, less foraminifera carbonate productivity 20, 25, 33, 34 and thin oxidized surface layer limit diffusion of nutrients between pore waters and bottom waters, leading to the development of reducing conditions close to the interface and preservation of biogenic elements.
